Asparagus extract fractions had differential effects on growth and fumonisin synthesis by *Fusarium proliferatum* strain. This effect putatively depended on composition alterations resulting from the polarity of the solvent used. Similarly; *FUM1* expression levels differed significantly in strain cultures supplemented with extract fractions.

1. Introduction {#sec1-toxins-12-00095}
===============

Asparagus (*Asparagus* sp.) is a genus of perennial plants, consisting of over two hundred species (according to World Checklist of Selected Plant Families). This savory vegetable is a plant of high nutritional and pharmaceutical values but is also often used as an ornamental plant. Asparagus is a rich source of vitamins and minerals as well as antioxidants and saponins, which occur mainly in peels \[[@B1-toxins-12-00095],[@B2-toxins-12-00095]\]. Thanks to saponins, asparagus has antifungal, antitumor, antidiabetic and hypolipidemic properties \[[@B3-toxins-12-00095],[@B4-toxins-12-00095],[@B5-toxins-12-00095],[@B6-toxins-12-00095],[@B7-toxins-12-00095],[@B8-toxins-12-00095],[@B9-toxins-12-00095]\]. In traditional medicine, asparagus has been applied as a diuretic and laxative agent \[[@B2-toxins-12-00095]\].

Asparagus occurs in the areas of Europe, Africa, Asia and Americas. Multiple applications make it an economically important crop plant and, thus, extensive knowledge about asparagus pathogens and diseases is necessary to effectively prevent the yield loss. Asparagus rust, purple spot as well as Fusarium crown and root rot are the most important diseases caused by *Puccinia asparagi, Pleospora herbarium* as well as *Fusarium proliferatum* and *Fusarium oxysporum* f. sp. *asparagi*, respectively \[[@B10-toxins-12-00095],[@B11-toxins-12-00095]\].

*Fusarium* is a group of the most common plant pathogens occurring all over the world and damaging crop yield. *Fusarium proliferatum* is a very important representative among *Fusarium* genus and the species has the ability to infect a wide range of host-plants, including asparagus, maize, garlic, wheat, pea, pineapple, banana and many more \[[@B12-toxins-12-00095]\]. It is mainly transferred and spread by seeds and crop residues. *F. proliferatum* biosynthesizes multiple mycotoxins, such as: beauvericin, moniliformin, fusaric acid and highly toxic fumonisins from group B. Moreover, this pathogen can survive in many ecological niches, but the optimal environment is a warm and humid climate as well as loam soils with pH of about 5 \[[@B13-toxins-12-00095]\]. Such characteristics may indicate a high plasticity and excellent adaptability of *F. proliferatum* to environmental challenges.

Infection caused by *F. proliferatum* is manifested by yellowing, stunting and wilting of the organs of infected plants and is correlated with asparagus decline \[[@B13-toxins-12-00095],[@B14-toxins-12-00095]\]. Management of *Fusarium* infections is very difficult because no effective fungicides against *Fusarium* are available and multi-stage actions including plant and soil protection as well as inoculum reduction are necessary \[[@B11-toxins-12-00095],[@B13-toxins-12-00095]\]. Moreover, accumulation of *Fusarium* secondary metabolites in plants' tissue and their possible harmful effects on human and animal health is an additional issue in effective plant protection \[[@B12-toxins-12-00095]\].

Fumonisin B~1~ is among the most dangerous secondary metabolites biosynthesized by *F. proliferatum* strains in apical cells of hyphae \[[@B15-toxins-12-00095]\]. FB~1~ synthesis is governed by the *FUM* gene cluster, which is localized on *F. proliferatum* chromosome 1. This mycotoxin is harmful to other microorganisms as well as plants, animals and human. The FB~1~ mechanism of action bases on the disruption of the sphingolipid biosynthesis, particularly sphingosine and sphinganine. These compounds are the precursors of sphingolipids---the basic phospholipids of cell membranes \[[@B16-toxins-12-00095]\]. Chemical structure of FB~1~ is similar to sphingosine, thus, both molecules compete for the active site of the ceramide synthase. The enzyme is responsible for the acylation of sphingosine and sphinganine, which results in the formation of ceramides. Lack of activity of this enzyme causes the inhibition of sphingolipid biosynthesis, which is the reason for their deficiency in cell membranes \[[@B17-toxins-12-00095],[@B18-toxins-12-00095]\]. Disruption of sphingolipid metabolism and associated fat peroxidation results in the increase of reactive oxygen species (ROS), damaging DNA and proteins \[[@B19-toxins-12-00095],[@B20-toxins-12-00095]\]. In turn, ROS play an important role as signal transducers in many molecular processes, such as hypersensitivity response in plants. These processes are a part of plant immunity response called FB~1~-induced cell death, which is similar to hypersensitivity response (HR), a type of programmed cell death that protects the plant from further infection \[[@B21-toxins-12-00095]\].

Relatively much is known about changes caused in the plant during *Fusarium* infection. First, a hypersensitivity response occurs, causing cell death of the infected area. Some reports indicate that fumonisin B~1~ is a virulence factor causing FB~1~-induced cell death, mediated by reactive oxygen species (ROS) activation, phytoalexins accumulation and pathogenesis genes overexpression \[[@B21-toxins-12-00095],[@B22-toxins-12-00095]\]. Along with the pathogen's attack, a systemic acquired resistance (SAR) is activated. In asparagus plants, *F. proliferatum* affects salicylic acid production, which is the main signaling molecule connected with systemic response \[[@B23-toxins-12-00095]\]. The mechanism of this process is not fully known but may be similar to the other *Fusarium* representative---*F. graminearum*---which contains salicylic acid degrading enzymes \[[@B24-toxins-12-00095],[@B25-toxins-12-00095]\].

Plant-pathogen interaction is a complex network of connections, actions and reactions. To fully understand its rules, it is necessary to examine in detail the changes observed for both organisms during the infection process. So far, researchers were focused on the impact of the pathogen on plant gene expression and metabolism. On the contrary, the effect of plant metabolites with antifungal activity like camalexin, pisatin and resveratrol were less studied and fungal genes and biochemical pathways associated with the response against plant effectors are still not well-researched and understood \[[@B26-toxins-12-00095],[@B27-toxins-12-00095],[@B28-toxins-12-00095]\]. In the case of *Fusarium*, reports on mechanisms occurring in the plant's organism are available, but limited information has been gathered about molecular mechanisms of the reaction of *Fusarium* under biotic stress conditions. Therefore, it is necessary to continuously improve the knowledge about them, particularly for economically important crops.

Our previous studies on *F. proliferatum* strains indicated that asparagus extract affects the expression of *FUM1* gene, encoding a key enzyme of the *FUM* gene cluster governing the biosynthesis of fumonisins. Simultaneously, changes in biosynthesis of fumonisins were observed \[[@B29-toxins-12-00095],[@B30-toxins-12-00095]\].

Furthermore, proteomic analyses brought us the knowledge about some of the proteins induced in strains treated with asparagus extract \[[@B31-toxins-12-00095]\]. Obtained information is not sufficient to reveal the molecular mechanisms of *Fusarium* reaction under biotic stress conditions, therefore, the aim of this study was to investigate the effect of bioactive compounds obtained by fractionation of asparagus extract on fumonisins production, *FUM1* expression and dry biomass changes in the *Fusarium proliferatum* strain. Different solvents were tested (methanol, ethanol, methanol:water 1:1 and water) for extraction of the bioactive compounds from asparagus extract. In addition, to investigate the effectiveness of extracting the free and bound bioactive compounds, the alkaline and acidic hydrolysis extraction were used for the substances bound to the cell walls.

2. Results {#sec2-toxins-12-00095}
==========

2.1. Fumonisins {#sec2dot1-toxins-12-00095}
---------------

Fumonisins were detected both in controls as well as in the samples after extract and extract fractions treatment. Total fumonisin content reflects similar trend to that represented by individual FB~1~, FB~2~ and FB~3~ ([Table 1](#toxins-12-00095-t001){ref-type="table"}). The FBs concentrations were higher in the first three time points and much lower at the end of the experiment. In the first and second (2 h) time point, total fumonisins content was higher for all asparagus extract fractions compared to the control with methanol. High FBs content was maintained only in *F. proliferatum* cultures treated with I and II extract fractions after 24 h since the beginning of the treatment .

The average of maximum values measured in tested samples were 15.30, 1.53 and 4.24 ng/μL, whereas the average minimums were 0.04, 0.01 and 0.03 ng/μL for FB~1~, FB~2~ and FB~3~, respectively. Changes in fumonisin B~1~, B~2~ and B~3~ production occurring over the time of the experiment are shown in [Figure 1](#toxins-12-00095-f001){ref-type="fig"}. In almost all experimental variants, FBs showed similar distribution-fumonisin B~1~ level increased reaching the maximum in the 2nd or 24th hour after the treatment, then slightly decreased until the second day to reach the level just above the limit of detection. The cultures with fraction V or VI applied as a stressor, but in the case of fraction VI, this tendency was less visible. Fraction V maintained FB~1~ biosynthesis throughout the experiment but the production declined in the third day after the treatment. Generally, other analogues of fumonisins were produced at lower levels or were not detected, which particularly applies to FB~3~ for which no uniform trend was observed, except for fraction I. The only visible change was slight induction of fumonisin FB~2~ biosynthesis 24 h after the addition of fractions II and VI. Most of the asparagus extract fractions caused lower induction of fumonisins biosynthesis compared to asparagus extract. The differences in the activity of individual fractions may result from the difference in solvent polarities used, which also play a key role in increasing the solubility of bioactive compounds \[[@B32-toxins-12-00095]\]. ANOVA showed an influence of asparagus extract as insignificant (*p \> 0.05*).

Many bioactive compounds can be found in different plants, including phenolics, carotenoids, anthocyanins, vitamins and tocopherols. Asparagus is a rich source of bioactive compounds, containing phenolic compounds, flavonoids, alkaloids, tannins, sterols, amino acids, vitamins, saponins and fructans \[[@B33-toxins-12-00095],[@B34-toxins-12-00095]\]. Most of the above-described groups of complex compounds were identified in obtained fractions but their intensities depended on polarity of the solvent used (data not shown). Adding a hydrolysis step to the fractionation process resulted in an increased number of free moieties compared to the fractions without a hydrolysis step. Since the obtained fractions were re-suspended in methanol, it was decided to apply two controls---first with the addition of water and second with methanol. The fumonisins level was about three times lower in the control with methanol compared to the water control, and differed significantly (*p \< 0.05*). The distribution of FBs in time was similar, and for this reason, all results were referred to the control with methanol. Two hours after the beginning of the treatment, a higher level of FB~1~ was observed in the cases of fractions II, IV and VI, but only results for the fractions II and VI were statistically significant (*p \< 0.05*) ([Figure 1](#toxins-12-00095-f001){ref-type="fig"}). Fraction II caused the highest induction of FB~1~, which reached the mean concentration of 12.20 ng/μL. In turn, after 24 h, higher values were observed only after fraction III application and the difference was also statistically significant (*p \< 0.05*) from the control with methanol.

2.2. Analysis of FUM1 Gene Expression {#sec2dot2-toxins-12-00095}
-------------------------------------

Despite the low concentrations of fumonisins in the liquid medium at the last day of cultivation, we assumed that the expression of the key enzyme from fumonisin biosynthetic pathway-*FUM1*, encoding polyketide synthase could be altered during the culture. Knowing that the expression still occurs would improve the understanding of fumonisin accumulation, as well as clarify the influence of the whole extract and extract fractions on fumonisin biosynthesis. Relative normalized gene expression analysis was performed and is shown in [Figure 2](#toxins-12-00095-f002){ref-type="fig"}. The normalized *FUM1* gene expression of the KF 3360 *F. proliferatum* strain at 14th day of cultivation in response to whole water asparagus extract and different extract fractions was measured. The levels of the *FUM1* transcript varied relating to extract fractions used. The fraction V induced the highest expression level and the fraction IV was the second most effective inducer compared to the control (with methanol). The results revealed that fraction II inhibited the expression of the *FUM1* gene, which suggested that some extract compounds might have a certain effect on secondary metabolism gene expression. Surprisingly, the expression of the *FUM1* gene after whole asparagus extract supplementation did not change significantly *(p \> 0.05).* ANOVA showed that fractions II, IV and V had statistically significant effects on the *FUM1* gene expression *(p \< 0.05).*

2.3. Effect of Extract Fraction on Fungal Biomass {#sec2dot3-toxins-12-00095}
-------------------------------------------------

An asparagus-derived strain yielded between 40 and 520 mg of dry weight of mycelia at the end of cultivation ([Figure 3](#toxins-12-00095-f003){ref-type="fig"}). Fungal biomass amounts showed changes under experimental conditions. In all samples, increase in dry weight of mycelia was observed in comparison to the control. Among all extract fractions, fraction VI had the highest significant effect (*p \< 0.05*) on dry weight of the mycelium after 14 days of cultivation, about 13-fold increase compared to the water control. Supplementation with methanol had a slight effect on biomass amount. Noteworthy, the asparagus extract induced about a 10-fold increase of fungal biomass compared to the control, however, the difference observed was not statistically significant *(p \> 0.05).*

3. Discussion {#sec3-toxins-12-00095}
=============

Changes caused by *Fusarium*-produced fumonisin B~1~ in plants are generally well-known, comparing to the limited knowledge about the changes occurring in pathogen during this interaction. It is clear that fumonisin B~1~ plays a crucial role in activation of plant immunity; therefore, the mycotoxin was selected as an indicator of the intensity of plant-pathogen interaction in the present study. The interaction between a pathogen and a host is a continuous battle in which each action is followed by a reaction. It has been proven that FB~1~ causes an FB~1~-induced response in plants. In our studies, the increasing trend in the production of this mycotoxin in the first phase of infection might be a sign of FB~1~-induced response or HR, which are the early stage responses. However, research conducted by Waśkiewicz et al. \[[@B23-toxins-12-00095]\] in asparagus showed that FB~1~ causes the increase in salicylic acid concentration, and, thereby, also a systemic acquired resistance (SAR) is induced, which might indicate that FB~1~ production does not lose its relevance during the course of the infection. Another explanation may be the plant's secretion of a specific compound (or compounds) against the pathogen at the first contact, which might be equivalent to fungal FB~1~. Some compounds with antifungal activities were previously reported, including phytoalexins, for instance, pisatin from *Pisum sativum* L. against *Fusarium solani,* resveratrol from grapes against yeast or camalexin from *Arabidopsis thaliana* against *Alternaria brassiciola* \[[@B26-toxins-12-00095],[@B27-toxins-12-00095],[@B28-toxins-12-00095]\].

Few studies were conducted analyzing the effect of plant extracts against *Fusarium* species and fumonisin biosynthesis. Research conducted by Suárez-Jiménez et al. \[[@B35-toxins-12-00095]\] showed that methanolic extracts of *Larrea tridentata*, *Baccharis glutinosa* and *Ambrosia confertiflora* induced FB~1~ biosynthesis in *Fusarium verticillioides*, which is a close relative of *F. proliferatum* and also belongs to the *Liseola* section. Similar research was conducted by Thippeswamy et al. \[[@B36-toxins-12-00095]\]. This research group tested aqueous extracts from 48 medicinal plants against *F. proliferatum* as well as the inhibition of fumonisin B~1~ production. *Asparagus racemosus* was among the plant species examined and it had no inhibitory properties on FB~1~ biosynthesis \[[@B36-toxins-12-00095]\]. Some studies on the application of plant extracts against other *Fusarium* species, like *F. oxysporum*, *F. graminearum* or *F. sporotrichioides*, were also performed \[[@B37-toxins-12-00095],[@B38-toxins-12-00095],[@B39-toxins-12-00095]\]. In our previous study, 16 isolates of *F. proliferatum* obtained from different host-plants have been exposed to the extracts obtained from maize, garlic, pea, pineapple and asparagus \[[@B30-toxins-12-00095]\]. In most cases, application of the extract caused an increase in fumonisin B~1~ production and the distribution of its biosynthesis was comparable to the trend presented in the present study. The addition of the extract or extract fraction immediately caused a sudden increase in the amount of FB~1~. In conclusion, the results obtained by various research groups might suggest that the plants' compound or group of compounds produced against *Fusarium* are not species-specific.

Fractionation of plant extracts is a complex way to select an antifungal agent. Correctly selected parameters of the extraction process allow to obtain from these extracts the maximum number of compounds with the highest biological activity \[[@B40-toxins-12-00095]\]. One of the most important factors affecting the efficiency of bioactive compounds extraction from the plant samples is the extraction solvent. Due to the variety of bioactive compounds present in plant samples and their solubility depending on the polarity of the solvent, selection of an optimal solvent for a particular plant is quite difficult \[[@B41-toxins-12-00095]\]. Many solvents of different polarities including methanol, ethanol, acetone, diethyl ether, water or their mixtures, should be used for extracting bioactive compounds from plants, applying the rule-a solvent will properly dissolve the solute of similar polarity \[[@B42-toxins-12-00095]\]. Da Cruz-Silva et al. \[[@B43-toxins-12-00095]\] conducted research on *Randia nitida* extracts and their fractions concerning their influence on *Colletotrichum truncatum*, *Rhizoctonia solani* and *Sclerotinia sclerotiorum* growth. The leaves extract was subjected to fractionation using methanol, *n*-hexane, dichloromethane and ethyl acetate, proving that each of them differed in terms of content of compound groups as well as their quantities. For example, methanolic fraction contained phenolic compounds, tannins, flavonoids, coumarins, triterpenes, steroids and alkaloids, while *n*-hexane fraction contained only triterpenes and steroids. Methanolic and ethyl acetate fractions contained the same groups of compounds, but in ethyl acetate fraction, lower amounts of tannins, triterpenes and steroids were detected \[[@B43-toxins-12-00095]\]. Sales et al. \[[@B44-toxins-12-00095]\] applied the extracts, along with acetate, butanol, dichloromethane, *n*-hexane and ethanolic fractions of extracts of 60 plants against two pineapple pathogens: *Fusarium guttiforme* and *Chalara paradoxa.* Extract and/or fractions obtained from 16 species were effectively inhibiting *F. guttiforme* \[[@B44-toxins-12-00095]\]. In turn, Pizollito et al. \[[@B45-toxins-12-00095]\] conducted the experiment with the use of fractions obtained from peanut skins. In this research, ethanolic extract (70:30, v:v) was fractionated with *n*-hexane, ethyl acetate and water, which resulted in the formation of three fractions: yellow, purple and brown, respectively. Yellow fraction showed the highest activity against *F. verticillioides* and fumonisin B~1~ accumulation \[[@B45-toxins-12-00095]\]. Based on that, we might conclude that the fractions obtained in our experiments represent a wide cross-section of chemical compounds. The highest induction of FB~1~ biosynthesis was observed during the treatment of *F. proliferatum* culture with extract fraction I, which is an aqueous fraction, and fraction II-diethyl ether fraction with 2 M NaOH. Interestingly, the distribution of fumonisins in time was different in samples treated with fraction V (ethanolic fraction). On the contrary to other fractions, the content of fumonisins during the whole experiment did not reach the zero level, which suggests that the V fraction might contain compounds that stimulate continuous biosynthesis of this mycotoxin.

To further analyze the relationship between the levels of fumonisins produced and the composition of the extract fractions used, we measured the relative expression of the *FUM1* gene. Earlier studies have shown a linear relationship between the *FUM1* transcript and fumonisin production in vitro \[[@B46-toxins-12-00095],[@B47-toxins-12-00095],[@B48-toxins-12-00095],[@B49-toxins-12-00095],[@B50-toxins-12-00095]\]. Although, in the present study, it was difficult to find similar correlation between *FUM1* transcript and fumonisin level at the 8th day of culture after fraction treatment. Our previous study has shown that the *FUM1* transcript levels were highly increased after exposure of the fungus to asparagus extracts, although previous findings suggested that in vitro expression of *FUM* genes in *F. proliferatum* is relatively stable and not depending on the culture conditions \[[@B30-toxins-12-00095],[@B47-toxins-12-00095]\].

*F. proliferatum* supplemented with extract fraction V produced the highest amounts of fumonisins at the 9th day, showing the highest *FUM1* expression due to higher concentration of stimulating bioactive compounds. However, in the case of culture enriched with extract fraction IV, fumonisins were not detected at the 9th day, while the *FUM1* expression was still present. Medina et al. \[[@B51-toxins-12-00095]\] and Battilanis et al. \[[@B52-toxins-12-00095]\] suggested that the presence of a particular mycotoxin biosynthetic gene is not the only condition that has to be fulfilled by the pathogen to produce fumonisin. Moreover, previous studies described that the analysis of expression of the genes involved in fumonisin biosynthesis does not fully explain the regulation of their biosynthesis, however, it allows to better understand the changes in the pathogen's physiology \[[@B30-toxins-12-00095],[@B46-toxins-12-00095],[@B53-toxins-12-00095],[@B54-toxins-12-00095]\]. Notably, *FUM1* was down-regulated during increased FB~1~ production in the culture supplemented with extract fraction II. The mechanisms responsible for that might be independent of the activity of the *FUM* gene cluster. On the other hand, low fumonisin level in the medium supplemented with extract fractions I and III may result from the low activity of other genes from the FB biosynthetic cluster, which are responsible for processing of the pre-fumonisin compound \[[@B30-toxins-12-00095],[@B55-toxins-12-00095],[@B56-toxins-12-00095]\]. It was suggested that the fungus protects the interior and exterior of its organism from harmful influence of mycotoxins by storing them inside the vacuoles and releasing it in the presence of stress factors \[[@B30-toxins-12-00095]\]. Additionally, fumonisins can be transformed into different types, such as FAs, FCs or FPs by still unidentified enzymatic mechanisms \[[@B30-toxins-12-00095],[@B57-toxins-12-00095]\].

Recently, some environmental and abiotic factors were reported to enhance the mycelia growth of *F. proliferatum*, including light, pH and nutrient level, as well as host plant extracts \[[@B29-toxins-12-00095],[@B30-toxins-12-00095],[@B53-toxins-12-00095],[@B54-toxins-12-00095],[@B55-toxins-12-00095],[@B56-toxins-12-00095],[@B57-toxins-12-00095],[@B58-toxins-12-00095]\]. Our results indicate that extract fractions acted differently and generally increased fungal biomass of *F. proliferatum* after 14 days of culture, and extract fraction VI induced the highest amounts of FBs compared to the control. These results suggest the role played by the substrate in fungal growth rate-the fraction VI is richer in nutrients than fractions I--V. A possible explanation of why the biomass was more affected by the fraction VI might be due to the sudden delivery of the rich and easily accessible carbon source \[[@B29-toxins-12-00095]\]. On the other hand, the slight decrease in fungal biomass in the case of the extract fraction II may result from the presence of bioactive compounds with antifungal properties such as flavonoids \[[@B59-toxins-12-00095]\]. It is remarkable that the highest total amount of fumonisins in culture supplemented with extract fraction II was observed simultaneously with low dry weight of *F. proliferatum*. This finding suggests that the stressful environment created by the fraction II, as well as physiological response to overcome these conditions, might induce the fumonisin production.

It is important to emphasize that previous studies on the *F. proliferatum* pathogen treated with the host plant extract corresponded to this study's results. It has been demonstrated that asparagus extract induced fungal biomass production (about two-fold increase) \[[@B29-toxins-12-00095]\]. A similar reaction was observed for pineapple or maize extracts \[[@B30-toxins-12-00095]\]. In our study, fungal biomass treated with whole asparagus extract was found to be higher than the control group, still not being statistically significant. Moreover, the differences in fungal biomass amounts between the whole extract and its fractions might have resulted from synergistic action of all bioactive compounds present in the asparagus extract.

4. Conclusions {#sec4-toxins-12-00095}
==============

Asparagus is a valuable crop with many beneficial features. It is often attacked by fungal pathogens and *Fusarium proliferatum* is one of the most dangerous ones. The species produces fumonisins and it has been found that supplementing the culture with the host plant extract changes the metabolism of the pathogen and its mycotoxigenic potential. Here, we have proven that fractions of the asparagus extract obtained using different solvents differed in the effect observed. Ethanolic and methanolic fractions induced the highest fumonisin biosynthesis. In addition, *FUM1* gene expression changed when the extract fractions were applied to the culture. Further research is needed to separate and identify chemical compounds responsible for the changes in fumonisin and biomass production.

5. Materials and Methods {#sec5-toxins-12-00095}
========================

5.1. Fungal Strain and Culture Conditions {#sec5dot1-toxins-12-00095}
-----------------------------------------

An asparagus-derived KF 3360 *Fusarium proliferatum* strain from the KF pathogenic fungi collection at the Institute of Plant Genetics, Polish Academy of Sciences, Poznań, Poland, was used for this study. Based on the phenotypic variation and genetic divergence, selection of the strains was performed during earlier studies \[[@B29-toxins-12-00095],[@B60-toxins-12-00095]\]. The KF 3360 strain, originally isolated from white asparagus spear (*Asparagus officinalis* L.) was cultured on potato dextrose agar (PDA, Oxoid) medium at 25 °C for 7 days for inoculum preparation.

The fungus was cultured in vitro in 100 mL flasks containing 40--49 mL of a fumonisin-inducing liquid medium (25 °C without shaking at 12 h photoperiod) \[[@B29-toxins-12-00095],[@B46-toxins-12-00095]\]. The medium contained: malt extract 0.5 g/L, yeast extract 1 g/L mycological peptone 1 g/L, KH~2~PO~4~ 1 g/L, MgSO~4~ × 7 H~2~O 0.3 g/L, KCl 0.3 g/L, ZnSO~4~ × 7 H~2~O 0.05 g/L, CuSO~4~ × 5 H~2~O 0.01 g/L and D-fructose 20 g/L. About 4 cm^2^ of mycelium harvested of the 7-day-old PDA plate cultures were used for the inoculation. At the 5th day of cultivation, the culture was supplemented with 10 mL of asparagus extract or 1 mL of I, II, III, IV, V, and VI fraction obtained according to the procedure described in [Section 5.3](#sec5dot3-toxins-12-00095){ref-type="sec"}. ([Figure 4](#toxins-12-00095-f004){ref-type="fig"}). A negative control was conducted to exclude the influence of methanol on fumonisins production and *FUM1* gene expression. The second negative control was the culture supplemented with water. Media of each culture were collected 2 h after the extract/fractions were added, and on 6th, 8th, 10th, 12th and 14th day of incubation, and subjected to the fumonisins quantification. Mycelia for dry weight measurement and *FUM1* gene expression analysis were harvested after 14 days of culturing, and immediately frozen in liquid nitrogen, and then freeze-dried. The concentrations of asparagus extracts, the time of application as well as culture conditions were optimized during earlier studies \[[@B30-toxins-12-00095]\].

5.2. Extract Preparation {#sec5dot2-toxins-12-00095}
------------------------

Extract of white asparagus spears was obtained according to Stępień et al. 2015 \[[@B29-toxins-12-00095]\]. Fresh white asparagus spears without any symptoms of disease were frozen overnight at −80 °C, after that, completely defrosted asparagus spears were homogenized in a blender. Obtained pulp was centrifuged at 6000× *g* for 15 minutes. Extract was filtered through 0.20 μm membrane (Chromafil PET20/15 MS, Macherey-Nagel, Germany) and stored at --20 °C.

5.3. Fraction Preparation {#sec5dot3-toxins-12-00095}
-------------------------

Solvents used for the extraction of bioactive compounds from plants were chosen based on the different polarities. We tested six different solvents or solvent mixtures: water (I); methanol: water, 1:1, v:v (IV); ethanol (96%) (V); methanol (VI) in a 1:2 ratio (asparagus homogenate: solvent). Extraction was carried out in a water bath (60 °C, 4 h), shaken (24 h) and centrifuged. Then the supernatants were collected. For variants II and III, hydrolysis was performed in alkaline (2 M NaOH) and acidic (6 M HCl) medium, respectively. After 24 h of shaking, extraction was carried out 3 times with diethyl ether for both variants, and then, after combining the fractions, the solvent was evaporated to dryness. The dry residue was dissolved in a mixture of MeOH:H~2~O (1:1, v:v). Obtained supernatants were filtered through a 0.20 µm syringe filters (Chromafil PET20/15 MS, Macherey-Nagel, Germany) before use in microbiological tests.

5.4. Fumonisins Quantification {#sec5dot4-toxins-12-00095}
------------------------------

High purity mycotoxin standards (FB~1-3~, 50 µg/mL in acetonitrile: water, 1:1), LC/MS-grade organic solvents and other reagents were purchased from Sigma-Aldrich (Steinheim, Germany). The distilled water used for the studies was purified using a Milli-Q system (Millipore, Bedford, MA, USA). The analytical system consisted of the Aquity UPLC chromatograph (Waters, Manchester, MA, USA), coupled with an electrospray ionization triple quadrupole mass spectrometer (TQD) (Waters, Manchester, MA, USA). A Waters ACQUITY UPLC HSS T3 (100 × 2.1 mm/ID, with a particle size of 1.8 µm) (Waters, Manchester, MA, USA) was used for chromatographic separation, with a flow rate of 0.35 mL/min at room temperature. Mobile phase was composed of methanol (A) and water (B). Both phases contained 0.1% formic acid, phase B additionally contained 2 mM ammonium formate. The following gradient was used: from 1% to 95% A in 10 min, then 95% A for 2 min, and return to initial conditions in 2 min. The injection volume was 3 µL. Mass spectrometer was operated in the positive electrospray ionization mode (ESI). Ion source/desolvation temperature was 150/350 °C, respectively. Nebulizing gas (nitrogen) flow rate was 750 L/min, cone flow rate was 20 L/min. The collision-induced decomposition was performed using argon as the collision gas, with a collision energy of 14--22 eV. The compounds were quantitatively analyzed using multiple reaction monitoring. The analytes were identified by comparing the retention times and m/z values obtained by MS and MS2 with the mass spectra (722.4/352.4, 706.4/336.4 and 706.4/170.4 for FB~1~, FB~2~ and FB~3~, respectively) of the corresponding standards tested under the same conditions. Limit of detection for fumonisins was 0.1 ng/µL. All samples were analyzed in triplicate. For data processing, Empower^TM^ 1 software was used (Waters, Manchester, UK).

5.5. Expression Analysis of FUM1 by RT-qPCR {#sec5dot5-toxins-12-00095}
-------------------------------------------

To analyze the expression of *FUM1* in *F. proliferatum* after extract fraction treatment, total RNA was extracted and purified from 30 mg of lyophilized mycelium sampled at the 14th day of culturing using the Universal RNA Purification Kit (EURx, Gdansk, Poland), followed by treatment with RNase-free DNase set (Qiagene, Hilden, USA). The total RNA concentration was quantified using a NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA) and the integrity of RNA was evaluated on a 1% agarose gel (100 V/20 min). Then, 1 µg of total RNA was reverse-transcribed using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Reactions were incubated at 25 °C for 10 min, followed by 37 °C for 120 min and 85 °C for 5 min using BioRad C1000 thermal cyclers. The resulting cDNA was used as template for RT-qPCR (SsoAdvanced Universal SYBR Green Supermix, Bio-Rad, Hercules, CA, USA), with *β*-tubulin as endogenous control to normalize differences in mRNA quantity due to differing amounts of total RNA. Three biological and two technical replicates of each sample, along with a negative control, were included in each assay. Primers used for *β*-tubulin and *FUM1* gene expression analysis were as follows: PQTUB-F2 ACATCCAGACAGCCCTTTGTG; PQTUB-R2 AGTTTCCGATGAAGGTCGAAGA \[[@B47-toxins-12-00095]\] and F1_PRO_F CAACCGGAGAGAGCATTTGT; F1_PRO_R TCTTGGACAGAGGGGAGAAA \[[@B30-toxins-12-00095]\]. Target sequences were amplified in a 5-μL reaction containing 2.5 µL of SsoAdvanced universal SYBR Green supermix, 500 nM of each primer for *FUM1* and 250 nM of each primer for *β*-tubulin and 2 µL of cDNA template (dilution 1:10). The PCR cycling conditions were: initial denaturation at 95 °C for 30 s, followed by 40 cycles of denaturation at 95 °C for 10 s and annealing at 60 °C for 30 s. The melting curve analysis from 65--95 °C with 0.5 °C increment (5 s per step), confirmed primer pairs specificity.

5.6. Statistical Analysis {#sec5dot6-toxins-12-00095}
-------------------------

One-way analysis of variance (ANOVA) followed by the Tukey test (HSD) (5% level of significance) was used to evaluate differences of FB~1~, FB~2~ and FB~3~ production between asparagus extract fractions during the period of incubation. The results were analyzed using the STATISTICA 13.1. Mean values (n = 3) and error standard of individual characteristics were calculated.

Target gene expression (*FUM1*) was determined using the 2^−ΔΔCt^ method \[[@B61-toxins-12-00095]\]. All data were analyzed using CFX Maestro 1.1 software (Bio-Rad, Hercules, CA, USA). The differences of *FUM1* gene expression between samples treated with fractions were evaluated using the one-way analysis of variance (ANOVA) (5% level of significance). The expression was transformed to ln(x) to reduce the variability among the data. Baseline correction and threshold setting were performed using the automatic calculation in the CFX Maestro 1.1 software (Bio-Rad, Hercules, CA, USA).
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###### 

Average values (ng/μL) and standard error of total fumonisins content in *F. proliferatum* cultures treated with asparagus extract fractions (\**p* \< 0.05).

                 0              2h             24h            3d            5d            7d            9d
  -------------- -------------- -------------- -------------- ------------- ------------- ------------- -------------
  Ctrl + H~2~O   1.97 ± 0.52    13.88 ± 4.38   4.88 ± 0.07    0.34 ± 0.07   0.33 ± 0.06   0.19 ± 0.04   0.13 ± 0.04
  Ctrl + MeOH    0.29 ± 0.07    4.26 ± 1.19    6.48 ± 1.94    0.71 ± 0.18   0.37 ± 0.08   0.12 ± 0.02   0.08 ± 0.01
  Extract        15.30 ± 6.29   6.67 ± 1.25    7.86 ± 2.09    1.08 ± 0.27   1.31 ± 0.24   0.85 ± 0.17   1.35 ± 0.26
  Fraction I     3.54 ± 1.08    6.23 ± 1.33    11.56 ± 1.71   2.88 ± 0.72   1.48 ± 0.22   0.85 ± 0.16   0.26 ± 0.02
  Fraction II    4.18 ± 1.32    14.34 ± 3.71   8.70 ± 1.55    1.67 ± 0.46   1.02 ± 0.05   0.31 ± 0.22   0.23 ± 0.04
  Fraction III   0.88 ± 0.21    3.07 ± 0.44    6.07 ± 1.57    1.03 ± 0.30   0.72 ± 0.12   0.81 ± 0.22   0.49 ± 0.11
  Fraction IV    1.98 ± 0.60    4.24 ± 1.02    3.37 ± 0.89    n.d.          n.d.          0.06 ± 0.02   n.d.
  Fraction V     1.01 ± 0.28    5.16 ± 1.33    4.91 ± 1.42    6.38 ± 1.88   2.58 ± 0.00   1.69 ± 0.35   2.30 ± 0.61
  Fraction VI    0.20 ± 0.03    5.26 ± 2.32    2.64 ± 0.68    0.82 ± 0.12   1.01 ± 0.24   1.19 ± 0.38   0.09 ± 0.02

n.d.---not detected.

[^1]: These authors contributed equally to this work.
